Introducer sheaths were placed in the right external jugular vein and in both right and left femoral arteries and veins. A 7-F decapolar catheter was advanced into the coronary sinus. A 6-F quadripolar catheter was positioned at the superior vena cava for high-output pacing of the PN. Intracardiac echocardiography (ICE; Siemens Acuson, Mountain View, CA) with a 10-F 5.5 to 10 MHz was used. LA and PV diameter were measured. ICE was also used for better contact of the balloon and to reduce the blood flow leak around the cryoballoon during PVI. PV venography was performed at baseline and after ablation.
P ulmonary vein (PV) isolation (PVI) using the cryoballoon is an established ablation approach for patients with drugrefractory atrial fibrillation 1 and enables a single shot energy application compared with point-by-point radiofrequency catheter ablation. Moreover, lesions produced with the application of cryoenergy result in minimal endocardial surface disruption and are less thrombogenic than those produced with radiofrequency energy. 2 However, questions have been raised on long-term efficacy, esophageal damage, phrenic nerve (PN) injury, and PV stenosis. Part of the issues here are because of an incomplete understanding of the biophysics of cryoablation.
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Recently, a second-generation cryoballoon catheter was introduced. The new cryoballoon was designed to improve the ability to create continuous lesions with more uniform cooling. 3, 4 To achieve the high PVI success rate and fewer complications, an understanding of the thermodynamics of cryoablation would be critical. Therefore, the aims of this study were as follows: (1) to understand the balloon and tissue thermodynamics at the left atrium (LA)-PV junction, PN, and esophagus during PVI and (2) to investigate the relationship between the biophysics and effectiveness of the 28-mm second-generation cryoballoon.
Methods

Animal Preparation
The experimental protocol was approved by the Mayo Foundation Institutional Animal Care and Use Committee. Twenty mongrel dogs (30-35 kg) were studied following methods as reported previously. [5] [6] [7] [8] [9] Dogs were anesthetized with ketamine and diazepam, intubated, and maintained on 1% to 3% isoflurane with positive-pressure ventilation. Surface electrocardiogram and blood pressure were continuously monitored.
Thermocouple Implantation
Tissue thermocouple (TC) implantation and recording methods were reported previously. 5, 6, 8 TCs (T-type TCs [0.025″ diameter/time constant 0.1s] with an accuracy of ±0.42°C; Physitemp Instrument Inc, Clifton, NJ) were implanted via thoracotomy. The pericardial sack was opened, and 3 TCs were placed around each LA-PV junction. Radio-opaque markers were attached to the TCs for fluoroscopic identification ( Figure 1A) . In procedures performed on the right PV, 1 or 2 TCs were implanted along the margin of the PN closest to the right superior PV (RSPV). Luminal esophageal temperature monitoring was performed using a circular catheter equipped with 4 TCs. In dogs, the distance from the esophagus to superior PV ostia was large (>25 mm); therefore, the esophageal TCs were positioned close to the inferior PVs orifices based on venography. Measurement of temperatures was performed throughout each cryoablation and during the postablation temperature recovery period (1 sample per 4 s).
Cryothermal Energy Delivery
Trans-septal catheterization was done, and the sheath was exchanged over a guidewire for a 12-F sheath. A 3.3-F 15-mm circular catheter (Achieve mapping catheter; Medtronic) was introduced into the central lumen of a 10.5-F 28-mm diameter cyoballoon catheter (Arctic Front Advance; Medtronic). The balloon was placed outside the ostium of the PV, inflated, and advanced to the PV orifice. If the blood flow leak around the cryoballoon was found by ICE, the balloon catheter was manipulated to minimize the leaks. The cryoballoon was not moved after the initiation of cryoenergy delivery. The Doppler jet width of the leak and the leak location were measured. Inner balloon temperatures were monitored via a TC located in the proximal inner balloon. Balloon surface temperatures were recorded using 4 imbedded surface TCs, 1 in each balloon quadrant. Ablation duration was 3 or 4 minutes. Cryoablations were performed for ≤2 deliveries based on PVI after each freeze to establish the necessary minimum number of cryoablations. No bonus applications were made. The protocol was intended to best replicate the real life cryoablation effects rather than to maximize isolation success. There was no protocol to change the cryothermal energy delivery based on esophageal temperature. Cryoablation was performed for the left PVs and the right PVs in each of 10 dogs. During RSPV ablation, the PN was paced at 20 mA for diaphragm monitoring. 7 If PN capture was lost, the cryoablation was stopped.
After ablation, all TCs were removed and the chest was closed. Animals were monitored for 30 to 60 days.
Distance Analysis
The method for measurement of distance from balloon surface to TCs was reported previously. 6, 8 All distances were calculated from digitally acquired right and left anterior oblique views with the 15-F sheath, and balloon diameters serving as calibrations using a Pythagorean theorem-based calculation for the actual distance of the TC to the closest balloon surface. Measurements in both views were obtained at the same time point within the respiratory cycle.
Follow-Up
Esophageal endoscopy was performed within 3 to 5 days post ablation. During final restudy, all animals underwent PV mapping using a circular catheter with evaluation for PVI. If RSPV ablation was done at the first procedure, the PN was paced to evaluate PN function. All dogs were subsequently euthanized by induction of ventricular fibrillation and exanguination.
Pathology
The heart, lungs, trachea, PN, and esophagus were removed en block. Gross pathological findings were assessed. Triphenyl tetrazolium chloride was used to delineate the cryoablation lesion. Each LA-PV junction was cut in 8 quadrants (resolution, 2-3 mm), and each of these segments was examined microscopically. The esophagus and PN segments were cut cross sectionally in 2-mm thickness. They were fixed in formalin, and sectioned for staining with Hematoxylin-Eosin and Masson Trichrome stains 
WHAT IS KNOWN
• The second-generation cryoballoon, with a different design in the flow of coolant, for pulmonary vein isolation (PVI) was introduced recently and it has shown higher success rates for PVI than the firstgeneration cryoballoon.
• Clinical data are concerning on complications of second-generation cryoballoon ablation (phrenic nerve injury, esophageal injury, and PV stenosis).
WHAT THE STUDY ADDS
• Tissue temperatures (left atrial-PV junction, phrenic nerve, and internal esophagus) are significantly dependent on the distance from the balloon surface.
• Blood flow leaks around the balloon during PVI have a large impact on balloon and tissue temperatures, as well as chronic PV reconnection.
• Complete PV occlusion is the most important factor to achieve not only successful acute PVI, but also chronic PVI success. February 2015
Statistical Analysis
Statistical analysis was performed using SPSS version 15.0. Continuous variables are presented as mean±SD, and comparisons between groups are based on a 2-sided t test or Mann-Whitney U test. Pearson correlation was used for bivariate analyses with a linear relationship. Correlation between temperature and distance to each profile was fit using a logarithmic transformation, revealing r as descriptive value. A P value of <0.05 was considered to be statistically significant.
Results
General
A total of 40 PVs were targeted in 20 dogs (mean weight of 30.3±2.6 kg). Mean baseline LA diameter was 27±3 mm (midlateral) and 33±4 mm (superior-inferior). Mean baseline ostial PV diameter was 13±3 mm for left superior PV, 12±1 mm for left inferior PV, 12±2 mm for RSPV, and 13±2 mm for right inferior PV. Fifty-three cryoablations were performed in 40 PVs (mean ablations per vein were 1.3). PVI was achieved acutely in 36 of 40 PVs (90%).
Temperature Data
A total of 259 balloon TC profiles (inner balloon, n=53; balloon surface, n=206) and a total of 229 tissue TC profiles during cryoablation were analyzed (LA-PV TCs, n=128; PN TCs, n=24; esophageal TCs, n=77). Figure 1B shows typical temperature versus time curves during cryoablation in the left superior PV. Different time course of temperature change was seen in inner balloon TC, balloon surface TCs, and LA-PV junction TCs ( Figure 1B) . The mean lowest balloon and tissue temperatures and the distance from balloon surface are shown in Table 1 . Table 2 shows the temperature profiles at each PV. The temperature profiles during RSPV showed the lowest balloon and tissue temperatures.
Distance-Tissue Temperature Relationship
Of 259 tissue TC profiles, 152 (66%) showed a small temperature decrease to a lowest tissue temperature of 20 to 40ºC. Fifty-four TCs (24%) showed a drop to a temperature of 20 to 0ºC, 17 (7%) reached a temperature of 0 to -10ºC, and 6 (3%) had a temperature drop to -10 to -20ºC. There was a good correlation between the lowest tissue temperatures and the distance from the balloon surface (r=0.85; P<0.001; Figure 2). Figure 3 shows the schematic view of lowest temperature distribution in all dogs. In the region 0 to 2 mm from the balloon surface, the lowest reached temperature was ≤0ºC (sensitivity, 81% and specificity, 97%). In TCs >10 mm from the balloon, the lowest temperatures were ≥25ºC (sensitivity, 90% and specificity, 68%).
Impact of Blood Flow Leak on Temperature Profiles and Gap Location
Analyzing all 53 cryoablations by ICE and venography, complete PV occlusion was observed in 19 of 53 (36%) ablations. Small blood leaks around the balloon (Doppler jet width ≤3 mm) was observed in 18 of 53 (34%) and moderate leak (Doppler jet width >3 mm) was observed in 16 of 53 (30%). The mean lowest inner balloon temperature was -47.3±8.0ºC with complete occlusion, -42.7±9.8ºC with a small blood leak, and -39.3±7.7ºC with a moderate blood leak. The mean lowest balloon surface temperature was -31.1±26.6ºC, -15.2±32.5ºC, and -10.1±27.3ºC, respectively. The tissue temperature at the LA-PV junction was -2.3±11.0ºC, 9.7±14.5ºC, and 13.8±11.9ºC, respectively. The chronic reconnection was observed in 9 of 36 PVs (25%). We examined the relationship between the blood A total of 259 balloon TC profiles and a total of 229 tissue TC profiles during cryoablation were analyzed. The mean lowest temperatures and the mean distance from balloon surface are shown. LA-PV indicates left atriumpulmonary vein; and TCs, thermocouples. *Mean±SD. flow leak location and the electric/histological conduction gaps in chronic reconnected PVs. Analyzing the 13 deliveries for the 9 reconnected PVs, a blood flow leak around the balloon was seen in 12 of 13 ablations (small leak, n=8 and moderate leak, n=4). Figure 4A shows a representative case, which had a good correlation between the blood leak location and chronic reconnection site. In 8 of 9 reconnected PVs, the location of the blood flow leak was concordant with the electric/histological gaps. Figure 4B shows the relationship between the distancetemperature profiles at the LA-PV junction during the first cryoablation for the PV. This relationship between the distance and the temperature showed different characteristics depending on the blood flow leak. At the same distance from the balloon surface, the tissue temperatures were warmer in TCs with blood flow leak than in TCs with complete PV occlusion ( Figure 4B ). Figure 5A shows the required time to achieve a temperature <10ºC at each profile-recording site. This relationship increased linearly with a positive correlation between distance versus time at each forward and lateral comparative distance from the balloon surface. Figure 5B shows the cooling conduction speed. The conduction speed was similar in both the lateral and the forward directions. The cooling rate differed in the position of tissue TCs. The cooling rate of the TCs close to the balloon surface (within 1 mm) was >0.68 ºC per second. The cooling rate of the TCs further from the balloon surface (≈5 mm from balloon surface) was 0.15 to 0.19ºC per second.
Conduction of Cooling During Cryoablation
Follow-Up and Complications
A follow-up study was performed at mean 48±16 days after the first procedure. Chronic PVI was achieved in 27 of 36 PVs (75%). No temporary or chronic PN palsy was observed in any dog. An esophageal ulcerative lesion on the anterior aspect of the esophagus was observed in 1 dog. In this case, the lowest internal esophageal temperature was 15.5ºC. A second endoscopy showed a healed lesion at 30 days postablation. One moderate PV stenosis (60% stenosis) was observed. Severe stenosis was not observed in any PVs. Figure 6 shows the cryoablation lesions in LA-PV junction. All chronic, isolated PVs showed a continuous lesion around the LA-PV junction. PVs that did not demonstrate entrance or exit block showed a gap in the ablative lesion with a mean gap size of 8±3 mm. Maximal ablation lesions extended 14±7 mm outside of the PV orifice into LA endo surface. Maximal ablation lesions extended 5±3 mm into the PV, and the mean intervening length of the remaining myocardial sleeve was 5±3 mm. Microscopically, circumferential transmural lesions were observed in all isolated PVs. No PN injuries were observed microscopically. The histological changes of the esophagus in the dog, which had an esophageal ulcerative lesion just after cryoablation, showed a partial lack of mucosal layer without muscle architectural change.
Pathology Findings
Discussion
Major Findings
This is the first study that examines the thermodynamics of cryoablation during PVI using the second-generation cryoballoon. We found that (1) the lowest tissue temperatures were significantly dependent on the distance of the TCs from the balloon surface. (2) Blood flow leak around the balloon had a warming effect on both the balloon and the tissue temperature profiles. In the reconnected PVs, the blood flow leak location was concordant with the chronic reconnection gap. (3) The conductive cooling spread radially from the balloon-tissue contact point to more distant tissue. (4) Cryotherapy, using the 28-mm balloon, was effective in PVI acutely (90%) and chronically (75%) without severe complications. (5) Cryoablation lesions at the LA-PV junction were confirmed pathologically in chronic isolated PVs.
The Factors Affecting LA-PV Tissue Temperature During Cryoablation
In this study, there was a good correlation between tissue temperatures and distance from the balloon surface. However, some TCs showed ≥0ºC even though they were close to the balloon. The explanation of this can be that there was a blood flow leak around the cryoballoon. The incomplete occlusion showed a blood flow leak, which can cause warmer tissue temperatures, despite the close proximity to the balloon surface. The lowest tissue temperatures that we recorded in this study were higher than that reported elsewhere. In addition to the blood flow leak, this may be because of the contact point of cryoballoon and tissue. The 28-mm cryoballoon tends to position proximally in the LA, which might cause the contact point at a greater distance from the true LA-PV junction. Therefore, the distance from the balloon surface to the tissue TCs might be large and the temperature might be higher even though the TCs were implanted at the LA-PV junction.
One previous study suggested that a tissue temperature of -20 to -30ºC could cause irreversible damage in noncardiac tissue. 10 Despite the higher tissue temperature in our study, acute and chronic isolation rates were 90% and 75%, respectively, which was similar to isolation rates seen in other studies. 4, 9 In addition, we histologically confirmed circumferential transmural lesions in all chronic isolated PVs. These data might suggest that the LA-PV junction is more sensitive to freezing injury than expected. 
Cooling Conduction and Cooling Rate during Cryoballoon PVI
As reported in this study, the conductive tissue temperature spread radially from the balloon-tissue contact point to more distal tissue. With cryoballoon delivery, cryoenergy spreads by cell-to-cell conductance from closer to more distant tissue. The conduction speed is similar in lateral and forward direction. The cryoballoon-PV axis is different in each PV ablation because of the variations of the LA and PV anatomy. The homogeneous cooling conduction speed for each direction might be able to create uniform and continuous lesions in a variety of anatomies. In addition, this is the first study to show the tissue cooling rate at LA-PV junction during cryoablation. The cooling rate has been considered to be an important factor in cryosurgery. [10] [11] [12] The cooling rate is rapid at the tissue close to the balloon-PV contact point. At the tissue, a small distance away from the balloon surface, the cooling rate is slow, because the volume of frozen tissue expands. 10 However, it has been examined that intracellular ice crystals, considered lethal for cells, formed over wide range of cooling rates, including at slow rate. 10, 11 Therefore, the transmural lesion of LA-PV junction could be created despite the different cooling rates.
The Second-Generation and First-Generation Cryoballoon
Cryoablation using the second-generation cryoballoon clinically was shown to achieve a better outcome than the firstgeneration cryoballoon. 3 The improvements in the design of the second-generation balloon were to increase the number of refrigerant jets from 4 to 8 and to advance the position of each jet closer to the distal balloon end, resulting in more uniform cooling and providing a larger cooling area. 4 The balloon compliance is not different between first-generation and secondgeneration cryoballoon. Our laboratory previously reported the tissue cooling using the first-generation cryoballoon. 8 However, in that study, we used only the 23-mm balloon and performed cryoablation for only inferior PVs. Therefore, it is difficult to compare the results with the results of this study. Further study is needed to compare the tissue thermodynamics Green circles show the thermocouples, which achieved first freeze PVI success with blood flow leak. Red crosses show the thermocouples, which did not achieve PVI success with complete PV occlusion. Orange crosses show the thermocouples, which did not achieve PVI success with blood flow leak. PV indicates pulmonary vein; and PVI, PV isolation.
between first-and second-generation, and 23-mm and 28-mm cryoballoons.
Outcomes and Complications
The anatomy of PV and LA in dogs was a little different from humans. It was sometimes difficult to get complete occlusion using the 28-mm cryoballoon. Complete PV occlusion using the 28-mm cryoballoon is thought to be easier in humans than in the canine model because of LA-PV size. As our laboratory reported in a previous study, 9 ICE was useful to identify peri-balloon leak locations, which was predictable for the reconnection gap in 8 of 9 chronic reconnected PVs in this study. Using ICE could lead to a higher success rate than without ICE. Another important finding was the small number of complications. Neither temporal nor chronic PN palsy was observed. The lowest temperature, which the PN will tolerate before occurrence of irreversible injury, was not delineated in this study. Our laboratory has reported the use of the 23-mm cryoballoon in dogs. 9 The study showed right PN injury in 4 of 8 (50%) dogs. The major difference of PN injury compared with this study might be explained by the distance of the PN from the balloon surface and the use of pacing to disclose early PN injury. The distance from the balloon surface to the PN using the 28-mm cryoballoon would be farther than the distance using the 23-mm cryoballoon. In this study, the minimal distance was 8.5 mm. A recent study reported that the incidence of PN injury was only seen when the distance of the RSPV ostium to the PN was <8.0 mm using a cryoballoon. 13 However, we have reported that the balloon inflation at the PV orifice alters the geometry of the native RSPV endocardial surface and reduces the distance from balloon surface to PN. 7 In this study, we did not move the balloon catheter after starting ablation. If we pushed the balloon more against the PV during ablation, there is a possibility to see a more drastic temperature lowering of the PN. Another explanation for the small number of complications was the number of cryoablations for each PV. No bonus applications were made in this study. Considering the effectiveness of the second-generation cryoballoon, the delivery of a mandatory bonus cryoablation requires reconsideration.
Limitations
First, this study was performed in dogs with different PV anatomy than seen in the human heart. Only 1 size (28 mm) of cryoballoon was used, regardless of the LA and PV size. However, in clinical situations, the 28-mm balloon is used more frequently than the 23-mm balloon. Therefore, this study provides useful information for the clinical arena. Second, only 3 TCs were implanted surgically in each LA-PV junction, 1 or 2 TCs in PN, and 4 TCs in esophagus. The average distance between TCs is ≈8 mm. Therefore, we cannot exclude the possibility that we missed the lowest tissue temperature because the tissue temperatures were sensitive to the distance from the balloon. 6, 8 Third, the TCs were implanted at the PVs and PN; this could have slightly modified the relationship between the structures analyzed. However, in all cases, surgical dissection was done carefully, and tissue juxtaposed to original locations. This has not been an issue for other reported cases. 5, 6 Fourth, the LA-PV junction was cut in 8 quadrants (resolution, 2-3 mm). We could have missed small gaps. However, in all cases with electric PV reconnection, we could identify a histological gap using our method. Our resolution to find relevant gaps seemed reasonable.
Clinical Implications
There was a strong relationship between tissue temperatures and the distance from the balloon surface. Although the use of cryoballoon has been increasing, some questions about safety remain. Excessive low temperatures at PN and esophagus were not seen in this study because of the large distance from the balloon surface. Therefore, in the clinical arena, the measurement of the distance of LA-PV-esophagus and the distance of LA-PV-PN might be beneficial. In addition, the PN pacing is still important because the balloon inflation at the RSPV orifice distorted the LA/PV anatomy. 7 This study has also shown that complete PV occlusion without blood flow leak during PVI is important to achieve lower balloon and LA-PV junction tissue temperatures.
